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Clearly, an investigation of a single fire provides only tactics of suppression differed materially. Several of 
a small fraction of all the evidence that must be accumu- these investigations must be made in each distinct 
lated before thoroughly dependable c,onclusions can be timber type uiider different weather conditions before 
drawn. Other fires, under similar conditions of tem- the major variations of fire behavior can be accurately 
perature, humidity, and wind, might exhibit ent,irely related to the behavior of t,he weather. 
different behavior if the fuels, the topography, or t,he 
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IYNOWIE 

The present paper coiitiiiues previous applications of Schuster‘s 
periodogram to the rainfall of the world, in this cabe for shorter 
periods than considered in them. The ex idence co~itinnes fnvor- 
able, and is even stronger t h m  before, in r n w r  both of the e\i>tence 
of what may he termed B “spectruin” of related periods and of 
their relation to  the sum-spot period. It also begins to  differentiate 
strongly between fairly coilstant period4 and \ ariable cycles, ill 
favor of the  former. 

This paper and a short investigation of economic values 
of statistical examinations of rainfall periodicities to be 
published in the next issue of this REVIEW, complete a 
series of studies (1) of the rainfall of the world, begun 
about seven years ago. I n  these i t  was concluded 
dehitely that periods or cycles do esist, but whether of 
constant length and amplitude remained uncertain. 

The last few papers have been an application of 
Schuster’s periodograin to these data and a study of the 
method itself. I n  each paper a stretch of shorter periods 
than the preceding ones has bt.eii considered. 

Since Schuster’s ( 8 )  original papers are available and 
also the preceding papers of this series which considered 
the method in detail, it is unnecessary to explain the 
method. 

Given data pl- - - - - - - - p n ,  assume m y  period P, times 
the dqtum interval. Let CF, be the phase angle for the 
datum p1 so that 

2a 
‘pit1 - cpf = ~~ P 

0 

n 

1 
B,=Zp rsincpi 

A2j + B2j I.=--- 
3- n 

and ie proportional to the square of the, amplit.ude of t,he 
best sine curve of period P, to fit the dat,a. 

n 
W1. B I tan+ -2; I,,,= -- 

j -  A, 3(n- 1) 

Where ut is the deviation of pi from t,he mean q. 

wbem X is the phase of pf and E’ that of q i+  1 in radian 
mbasure. I‘ is the value of I which would have been 
secured had much shorter datum intervals been used. 

I not) I’ must be used in computing the probability of 
securing any given I by accident. 

In  this paper semiyearly rainfall means from the 
Pacific coast of the United States, from the Punjab and 
from the British Isles are used. These data, in the form 
of percentage departures from normal, are given as Table 
1. The periods computed overlap those of the preceding 
paper. First, periodograins for periods between 1 & and 
2% years are computed from each half of the data of each 
of these sections. These chronologically independent 
periodogrnms are then compared. Finally a periodogram 
is computed from the total data of each section and 
conclusions churn. 

Before coniparinq these chronologically different period- 
ogrnins n few points respecting the evidence given by 
periodograms may be conqidered. 

( n )  The fiict t h t  the peaks of chronologically different 
periodograms are of different intensity or of slightly 
different position is often considered as indicating varia- 
bility of period. On paze 450 of the October, 1924, 
MONTHLI WEATHER REVIEW are two very different 
tippearing periodograms, made from different long 
stretches of data, composed by the addition of two sine 
curves of equal amplitude. m‘hen i t  is remembered that 
in these data there were only two periods and no acci- 
dental errors at all, the possibilities of variation, where the 
data may be composed of a whole spectrum of periods plus 
large accidental errors, are seen to be g.reat enough almost 
to preclude evidence in favor of a variable cycle unless a 
very great number of such cycles have been completed. 

( h )  The comparison of periodograms by Pearson’s 
correlation coefficient, while useful, minimizes the rela- 
tionship between them for the following reasons: 

1. Suppose that in the periodogranis one real peak is 
shown equally in both. This one peak will give a posi- 
tive correlation but all the rest will give a zero correla- 
tion, since the theory of the periodogram shows that it 
varies under the accidental error law, except in the vicin- 
ity of real periods. We would, therefore, in this case, 
expect from the periodogranis a small positive coefficient, 
comparable with the probable error, and telling us, there- 
fore, little or nothing. A large positive correlation becomes 
strong etidence, consequently, i n  javoT of a whole spectrum 
of real periods even where the separate peaks may  be too low 
i n  height to carry much weight individually. 

2 .  If there are variable cycles, or if the interference of 
periods, or the accidental errors, have produced slight 
shifts in the positions of peaks, the two periodograms will 
give a negative coefficient, sometimes very large. This 
is beautifully illustrated in the periodograms of the Pacific 
coast. At ahout 3.30 years a high peak starts in each. 
,4t about 2.33  years the one from the early data reaches 
its ma\imum H =4.8, here exactly coinciding with the 
later periodogram. This later one continues to rise to 
H=10.5 ,  while the earlier one falls rapidly. One half 
indicates a period at  P = 3.33 years, the other a t  P = 2.44, 
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each within the accidental range of their mean, yet they 
give such large negative ternis to what is otherwise a 
rather large positive correlation as to reduce it practically 
to zero. 

3. In  computing the correlation coefficient the use of 
the computed I ,  magnifies the apparent relationship, 
and the use of the measured just as  obviously decreases 
it. In  results given in this paper the nie:~sured I ,  has 
always been used. 

In forming the six month means for use in this paper, 
the same monthly means of the Pwific coast and of the 
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FIG 1.-Rainfnll perlodogram of the Punjnb 

Punjab were used as in the last paper. For the British 
Isles additional data were received through the LTnitecI 
States Weather Bureau and the monthly- percentages of 
normal of Armagh, Chilgrove, Edinburgh, Greenwich, 
and Stonyhurst were aver:igecl.' 

We shall discuss the data in the order of definiteness 
of the results, taking the Punjab, which is least definite, 
first. This is to be expected, for while the same number 
of years are used in the earlier periodogram as for other 
sections, the latter, because of the shorter stretch, has 
about two dozen less from which to compute the periodo- 
gram. The three periodograms from the entire stretch 
of data will be included in one discussion after that of 
all those froni the halves of the data have been coiii- 
pleted. We find that now when we hare  shorter periods, 
and, therefore, a greater nuniber of cycles, the values 
of H are greater than in the last paper, the highest ljeing 
7.48 and 5.40 in the first half of the data and 6.44 and 
5.77 in the second half. In t>he last paper the highest 
peaks were H=4.26  and 3.41. There the values were 
entirely inconclusive; here they are quite definite in 
their indication of reality. The accidental espectiiiicy 
ratio of H =  7.48 is one in 3,100. If our (lata folloi\ecl 
the accidental laws the H's  should be of about the same 
height regardless of the number of cycles completed. 
If there be a spectruni of real perioclicitics between long 
and short peiiods we should find just as we have, that 
H increases with the number of cycles. 

The periodograms are plotted as Figure 1 ,  which 
brings out their similarities and divergencies. We see 
that except a t  the extreme ends of the perioclogranis 
there is an almost perfect agreement in the positions of 
the peaks of these chronologically independent periodo- 
grams. Remembering the limitations to the application 
of the correlation coefficient we shall nevertheless coni- 
pute it and find r =  $0.16'7; e,=O.OSGS; -=1.925. Such 

r 
er 

I These data are British Isles A of Table I .  Since rending this paper at Philadelphia 
still more data have been receire'd. These lengthen the records and give Rothesap d 
an additional station. The  new means, not used in this pnper, are given as British 
Isles B .  They are being used in a numerical example to demonstrate the value of a 
new form of perlodogram. 

a correlation, although somewhat favorable, is not a t  all 
definite, since one pair out of every 47 pairs of curves 
should give a relationship of this size by mere accident. 
However, a glance at, the periodogranis shows that this low 
coefficient has conie, not from the usual error distribution 
of dissimilarities hut from the ends of the curves, especially 
the end of longer perinds. Here the later curve shows a 
high peak with a slight side protuberance, while the 
early ciirve shows, in exactly the same place, two low 
peaks. These are twice as high as  the computed mean 
and would, therefore, give a positive correlation if we 
had used i t  instead of the measured niean. However, 
on account of the high penlrs Appearing in the periodo- 
grams, thcy are loit-er than that i~ieasured and for this 
retison give in conibinntion with the high peak a very 
lurge negative correlntion. If we oniit these ends, using 
all the points 16-54, we find that these 39 central pointe 
give T =  +0.339 which is 3.55 tinies its probable error. 
The accidental expectancy ratio of such a correlation is 
one in 1,%0, indic.at;ng a correlation far higher than we 
would cspect from nierc accident. The indications are, 
therefore, that several periods or cycles did persist 
throughout both !inIves of the dntn with a constancy 
greater than we coulcl expect through accident. 

When we turn to the Pacific coast periodograrns we find 
a very similar situation, although here the lower peak 
has capsized after starting up with the higher one. Here, 
on account of the fact that  t8he high peak is truly remark- 
able, being 10.50 tinies the coniputed niean, the negative 
factors introduced lower the correlation, although it is 
still slightly positive, to less than its probable error. 
Once more we must notice that the use of the computed 
niean height would have given a positive correlation 
between these peaks. Using the sanie 39 central points 
which we used for The Punjah, we obtain r= +0.435, 

e, = 0.08'76 and - =4.96. The accidental expectancy 
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FIG. 2.-Raidall perlodogram of the U. 6 .  Pacific coaat 

ratio of such a correlation is one in 20,300, a quite d e h i t e  
proof of relationship. Entirely apart from the mathe- 
matical proof given by these correlations, a mere visual 
exaniination shows quite well the persistancy of the 
spectrum of periods. 

In  the case of the periodograms of the British Isles a 
glance is sufficient to show that the relationship can not 
be accidental. Throughout the length of the curves 
there is scarcely a disagreement. Out of ten peaks, 
nine show almost perfect agreement. None are high but 



69 MONTHLY WEATHER REVIZW FEBRUARY , 1927 

we can not doubt a t  all their reality and approximate 
r 
€1 

constancy. We find r = + 0.432; er = 0.0726; - = 5.96. 
This ratio tells us in exact numbers what inspection has 
elready told us, i. e., that the peaks are real. The 
expectancy ratio is one in 150,200. 

FIG. 3.-Rainfall periodogram of the British Ides 

Before we turn to the periodograms computed frorii 
the entire data stretche.s, we must consider one or two 
points of theory. 

(a) If the periods are accidents, the peaks found in the 
periodograms from halves of the dntn should have H 
as high as from the whole stretch. If they are real and 
approximately constant, the H’s should increase in height 
and if they are more than slightly variable the H’s 
should decrease very much. 

( 6 )  The “spectroscope,” for the periodogram may we.11 
be called such, has four tirnes the resolving power when 
applied to these double data strekhes. Where, previ- 
ously, peaks merged or displaced each other, they may 
now be separated. Magnitudes and positions will be 
determined more accurately. Low peaks, which were 
comparable with the accidental errors, will begin to 
appear in their true form. 

From the first half of the data of the Punjab the highest 
peaks are H=7.48,  5.40, and 4.42. From the latter 
half they are H=G.64, 5.77, nnd 4.73. From the total 
stretch they are H = i . 9 8 ,  7.OS, 6.23, and 6.01, a very sub- 
stantial and consistent gain. The expectancy rat.io of 
the highest of these is one in 2,900; that of the lowest of 
the four is one in 410. The first half of the Pacific Coast 
data gives H=5.90,  5.84, and 5.20, t,he lat,t,er half gives 
H=10.50, 5.03, and 3.79. The H’s from till of the data 
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no.  4.-Rainfall periodogram of the Punjab (entire data series) 

are 10.60, 8.55, 8.18, and 6.13. It is true that the gain 
in the case of the highest peak is almost negligible, but 
the consistency of the other gains makes our evidence 
just as definite as it was before. The expectancy ratios 
for these four highest peaks vary from one in 460 to one 

40,000. 

Naturally, from what the halves disclosed, the British 
Isles data should show by far the best evidence. The 
first half of the data gives H=4.43,  3.90, and 3.86; the 
latter half H=5.33,  4.53, and 3.40. The total stretch 
given H=8.35,  6.18, 5.54, and 5.19, a truly remarkable 
gain in height,. The expectancy ratios vary from one in 
175 to one in -1,200. 

I I I I I I I I 

Per/ods /n Years 
F I G .  J.-RainIaIl periodograni of the Pacific coast (entire data series) 

We have in previous papers considered very carefully 
the relationship of rainfRll periods to the sun-spo t period 
and have seen R very marked bias, enough to make i t  
possible to compute the sun-spot period with accuracy 
from the rainfall data. In this section of the work the 
distance between adjacent harmonics is so small that 
slight displncenients of the peaks by the accidental errors 
will cause the relationship to disappear. There is, how- 
ever, a method by which i t  is possible to weigh the evi- 
dence submitted hy the data as n whole. If there be a 
bias, the correlation coefficient bctween stretches of data 
separated by the sun-spot) period or a xnultiple of i t  should 
be larger thnn ~voulcl he espected by accident. It must 
be remembered, however, that we nre able only to com- 
pare after an esnct, number of datum intervals and that, 
therefore, the correlation will be lower in general than 

Fro. B.-Rainfall periodogram of the British Isles (entire data series) 

if we could match stretches more accurately. The 
Prinjab shows the simplest relationship. Inspection 
shows a similarity after 47 phases or 23% years. The 
correlation computed is r = + 0.202; e, = 0.0737; - = 2.75, 
which corresponds to an expectancy ratio of one to 243. 

r 
er 
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In the case of the other two sections we find that, the 

correlation occurs after double the sun-spot period. For 
the Pacific coast the correlation is best after SS phases, or 
44% years. It is 

r r= +0.194; er=0.0860; -=2 .25  
er 

The expectancy ratio of such is 1 in 90. The period is 
exactly twice the sun-spot period. 

The British Isles are much more exact and will be 
discussed in detail in t,he next issue of this journal. 
The best correlation occurs after 43 years. 

r r = + 0.273; e, = 0.0780; - = 3.50 

The expectancy ratio is 1 in 1,100. The positions of 
the periodogram peaks all fall very close to harmonics of 
a period of about 43.1 years. Half this period, or 21.55 
years, differs from the sun-spot period by only 0.7 p a r .  
The mean of the three sections gives 23.43 years as the 
sun-spot period. 

In conclusion we find that, just as in the previous 
papers, when we consider shorter periods and therefore 
have more cycles available, the evidence becomes more 
definite in favor of: 

(a)  The real physical existence of a "spectrum" of 
rainfall periods. 

( b )  The relationship of rainfall periods to the sun-spot 
deriod. 

(c) The approximate constancy of rainfall periods, in 
length a t  least. 

Evidence against constancy of their niagnitudes is 
lacking. 

Beyond this, all is more or less speculation; and while 
it seems that the time has come for some sufficiently 
guarded speculation, the consideration of economic value 
clearly belongs in a separate paper. 

The research committee of the Graduate School of the 
University of Kansas have assisted in this work by a 
grant through which computers were engaged to do more 
than half the routine computing. The Chief of the 
United States Weather Bureau and other officials there 
have very kindly made data available, even to the extent 
of making manuscript copies where necessary, As in all 
these papers, Professor Bester has encouraged and 
advised, contributing greatly to whatever success the 
work may find. 

TABLE 1.-Percentage departures from normal precipifafion, b y  
half years,' for selected regions, 18.34-1924 
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1 T h e  up BT value of each soctioii given opposite wch year is the pcweiit~ge of normal 
of that aectkn for the Brst half of thb year; the lower vdue to; the s e c o ~ d  half of the year. 

TABLE 1.-Percentage departures f rom normal precipitation, ba, 
half years, for selected regions, 1834-1984-Gontinued 
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TABLE 2.-Rainfall pcriodograms for  2% to 1 % years 
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